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Background: Class IA phosphoinositide 3-kinases (PI 3-kinases) have been
implicated in the regulation of several cellular processes including cell division,
cell survival and protein synthesis. The size of Drosophila imaginal discs
(epithelial structures that give rise to adult organs) is maintained by factors that
can compensate for experimentally induced changes in these PI 3-kinase-
regulated processes. Overexpression of the gene encoding the Drosophila class
IA PI 3-kinase, Dp110, in imaginal discs, however, results in enlarged adult
organs. These observations have led us to investigate the role of Dp110 and its
adaptor, p60, in the control of imaginal disc cell size, cell number and organ size.
Results: Null mutations in Dp110 and p60 were generated and used to
demonstrate that they are essential genes that are autonomously required for
imaginal disc cells to achieve their normal adult size. In addition, modulating
Dp110 activity increases or reduces cell size in the developing imaginal disc,
and does so throughout the cell cycle. The inhibition of Dp110 activity reduces
the rate of increase in cell number in the imaginal discs, suggesting that Dp110
normally promotes cell division and/or cell survival. Unlike direct manipulation of
cell-cycle progression, manipulation of Dp110 activity in one compartment of the
disc influences the size of that compartment and the size of the disc as a whole.
Conclusions: We conclude that during imaginal disc development, Dp110 and
p60 regulate cell size, cell number and organ size. Our results indicate that
Dp110 and p60 signalling can affect growth in multiple ways, which has
important implications for the function of signalling through class IA PI 3-kinases.
Background
During animal development, extracellular ligands utilise
intracellular signalling pathways to coordinate patterning
and growth (a term used here to describe an increase in
mass), generating organs of a reproducible size and shape
[1–3]. The size of an organ depends both upon the
number of cells in that organ and the size of those cells.
Thus, the growth of an organ can result from changes in
cell size or cell number or both. Studies of growth in cell
culture systems have focused on the regulation of changes
in cell number rather than on the regulation of changes in
cell size. In this paper, we investigate how changes in both
cell size and cell number are regulated by the Drosophila
phosphoinositide 3-kinase (PI 3-kinase), Dp110, and its
adaptor, p60, to control the growth of an epithelial
organ — the Drosophila imaginal disc. 
PI 3-kinases phosphorylate phosphoinositides on the 3′
hydroxyl group of the inositol ring and can be grouped
into three classes (I–III) according to their primary struc-
ture, mode of regulation and substrate specificity [4].
Class IA PI 3-kinases are found in complex with adaptor
molecules containing Src homology 2 (SH2) domains that
recognise phosphorylated tyrosine residues located three
amino acids amino-terminal to a methionine residue
(pYXXM; in single-letter amino acid code where X
denotes any amino acid; [5,6]). Upon ligand activation, a
subset of receptor tyrosine kinases (RTKs) generate class
IA PI 3-kinase adaptor binding sites by phosphorylating
YXXM motifs either on themselves (for example the
platelet-derived growth factor receptor) or on substrate
proteins (for example insulin receptor substrate-1, IRS-1).
Ligation of the adaptor SH2 domains to pYXXM peptides
increases class IA PI 3-kinase activity in vitro and is
thought to increase the access of the enzyme to substrates
in the plasma membrane in vivo [7]. In addition, class IA
PI 3-kinases associate with active Ras, which also
increases kinase activity in vitro and might promote sub-
strate access in vivo [8,9]. 
Class IA PI 3-kinase activation has several consequences
that might affect organ growth. For example, class IA PI
3-kinases can promote cell proliferation, protect cells
from apoptosis, increase protein synthesis and upregulate
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glucose metabolism [7,10–12]. In addition, class IA PI
3-kinase activation affects membrane trafficking events,
cytoskeletal rearrangements and cell differentiation [7,10].
It is unclear whether all of these effects are the direct con-
sequence of class IA PI 3-kinase activation or secondary
effects of more immediate responses. Most of these
processes have been shown to be regulated by the
serine/threonine kinases phosphoinositide-dependent
kinase 1 (PDK1) and protein kinase B (PKB), both of
which contain 3-phosphoinositide-binding pleckstrin
homology (PH) domains [4,13–17]. In Caenorhabditis elegans
the class IA PI 3-kinase, AGE-1, controls the decision to
form dauer larvae, an alternative third larval stage adopted
under conditions of overcrowding and starvation [18,19].
The cellular function of AGE-1 and the mechanism by
which it alters the life cycle of the nematode is unclear.
Previously, we have shown that Drosophila possess one
class IA PI 3-kinase, Dp110, and one SH2-domain-contain-
ing adaptor, p60 [20–23]. Molecular and biochemical
studies have failed to identify further isoforms of these
proteins in Drosophila. We have investigated Dp110 func-
tion in imaginal discs, which are epithelial organs that
grow extensively during larval development and are re-
organised during metamorphosis to generate adult epider-
mal organs such as the eyes, wings and legs [24].
Over-expression of Dp110 in developing wing imaginal
discs generates wings that are enlarged but patterned nor-
mally, whereas overexpression of a dominant-negative
version of Dp110 results in smaller wings that are again
patterned normally. Similarly, overexpression of wild-type
or dominant-negative Dp110 in eye imaginal discs results
in larger or smaller eyes, respectively, though in this case
the ommatidial pattern is slightly perturbed [21]. 
This effect of a class IA PI 3-kinase on the development of
Drosophila imaginal discs is an important observation, as
numerous experiments have shown that imaginal disc size
is remarkably resistant to perturbation. For example, when
imaginal discs are transplanted from larvae into adult hosts,
they grow to the same size regardless of the developmental
stage of the transplanted disc [25,26]. This observation
implies that, as with the size of many mammalian organs,
the size of imaginal discs is controlled by intrinsic factors
[2,3,27]. It has been shown that a number of cellular
processes can be disrupted within the imaginal disc during
its development without having a major impact on disc
size. For example, when small regions of a disc are ablated
or apoptosis is induced early in development, enhanced
compensatory proliferation of the surviving cells results in
the production of a disc that is of wild-type size and has
normal patterning [28–30]. Other experiments have shown
that increasing or reducing cell division in one compart-
ment size of the wing imaginal disc increases or reduces
cell number but does not affect final compartment or disc
size [31,32]. Rather, the compartment continues to grow at
a normal rate and therefore contains fewer bigger cells or
more smaller cells. Finally, studies of the effects of muta-
tions in the Minute class of genes, several of which encode
components of the ribosomal machinery, suggest that inhi-
bition of general protein synthesis also does not affect final
disc size. Although organisms that are heterozygous for
mutations in the different Minute genes grow at a reduced
rate (presumably because the rate of protein synthesis is
reduced), their development is delayed and many of them
achieve wild-type adult body sizes [33]. In addition, clones
of wild-type imaginal disc cells induced in a Minute–/+ back-
ground proliferate at an enhanced rate and consequently
outgrow their Minute–/+ neighbours, but the final size and
shape of the adult organ is unaffected [34]. Together, these
data demonstrate that individual perturbation of cell sur-
vival, cell division or protein synthesis, all of which are
processes thought to be regulated by class IA PI 3-kinases,
does not affect imaginal disc size. 
Disc and adult organ size can be increased by overexpres-
sion of the secreted molecules Wingless, Decapentaplegic
(Dpp) and Delta [35–37], by induction of clones of cells in
which tumour suppressor genes are mutated [38], or by
over-expression of activated Ras [39]. All these interven-
tions simultaneously disrupt patterning and/or the structural
integrity of the disc. Thus, the ability of Dp110 to modify
organ size without affecting patterning is unusual and might
reflect the fact that Dp110 and its adaptor, p60, are involved
in the regulation of organ size. We have, therefore, further
investigated the function of Dp110 and p60 in imaginal disc
development and in the regulation of organ size. 
Results
Dp110 and p60 are essential genes required for larval growth
To investigate the requirement for the Drosophila class IA
PI 3-kinase and its adaptor during development, mutations
in the Dp110 and p60 genes were generated. First, the
Dp110 and p60 genomic regions were characterised, then
null alleles were generated by combining small Dp110 and
p60 deletions with genomic constructs that rescued the
activity of neighbouring genes also disrupted by the dele-
tions. Dp110 is immediately distal of the Hairless gene (H),
so small H and Dp110 deletions were generated by impre-
cise excision of the HD179 P element. The Dp110A deletion
removes the 3′ end of Dp110 and all of the H gene
(Figure 1a; see Materials and methods section). To gener-
ate null alleles of Dp110, an H genomic construct, P[gH],
was recombined onto the Dp110A mutant chromosome.
Dp110A P[gH] homozygotes display a lethality that is com-
pletely rescued by an additional genomic construct con-
taining Dp110, termed P[gDp110]. As well as removing H
and Dp110, a second deletion, Dp110B, is thought to
remove additional genes because it displays a recessive
lethality that is not rescued by P[gH] and P[gDp110].
Dp110B has therefore  been used only in combination with
Dp110A. The p60 gene is immediately proximal of
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dU2AF38 and dSTI1 at 21B8–C1 (Figure 1b; see Materials
and methods section). The deletion mutants p60A and
p60B remove p60, dU2AF38 and dSTI1. Null alleles of p60
can be generated by combining these deletions with
P[gR10], a genomic construct containing dU2AF38 and
dSTI1. The three genetic combinations p60A; P[gR10],
p60B; P[gR10] and p60A/p60B; P[gR10] show a recessive
lethality that is rescued completely by an additional
genomic construct containing p60 (P[gp60]). The p60A
deletion also removes the first exon of PLC21C. Although
our analysis demonstrates that this exon is not essential for
viability, p60A was used only in combination with p60B. In
summary, we have generated null mutations in both
Dp110 and p60 that can be used to study their function.
To investigate the impact of removing Dp110 or p60, the
development of homozygous Dp110 or p60 mutant
embryos was monitored. Dp110 and p60 mutant embryos
develop normally until the early third larval instar, either
because maternal mRNA and/or protein provides Dp110
or p60 function (C. Coelho and S.J.L., unpublished data),
or because Dp110 and p60 are not required for embryo-
genesis and early larval development. Dp110 mutant
larvae (Dp110A P[gH]/Dp110B P[gH]) stop growing early
in the third larval instar. Although these larvae continue to
move and feed, surviving for approximately 20 days, they
fail to increase in size (Figure 1c). Furthermore, they are
transparent in appearance, possess no discernible imaginal
discs and their fat bodies are reduced in size. Their
nervous system, trachea and gut, however, appear normal.
The p60 mutant larvae (p60A/p60B; P[gR10]) have a similar
but less severe phenotype. They continue to grow in the
third larval instar but at a reduced rate. When these larvae
begin to wander (5 days after wild-type larvae) they are
still reduced in size, with underdeveloped fat bodies and
small imaginal discs (Figures 1c,d). Some p60 mutant
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Mutation of Dp110 or p60 is lethal and inhibits larval growth.
(a) A map of the Dp110 genomic region (92E12–13) showing the H
and Dp110 genes, the Dp110A deletion and HD179 P element from
which it was generated and the genomic fragments included in the
constructs P[gH] and P[gDp110]. (b) A map of the p60 genomic
region (21B8–C1) showing the p60, smo, dU2AF38, dSTI1, p60 and
PLC21C genes, the p60A and p60B deletions, the proximal
breakpoint of Df(2L)al, the k00616, k14504, l(2)06751 and 319/11
P element insertions and the genomic fragments included in the
constructs P[gR10] and P[gp60]. For each gene, the intron–exon
structure, coding sequence (closed boxes) and non-coding sequence
(open boxes) are indicated. (c) Whole mounts showing that Dp110–
and p60– larvae are reduced in size. The control and p60– larvae
shown are wandering larvae whereas the Dp110– larva is of the
maximum size observed. (d) A comparison of the size of wing imaginal
discs removed from wandering control and p60– larvae. No imaginal
discs could be recovered from Dp110– mutant larvae. Larvae had the
following genotypes. Control genotype: y w. Dp110–/– genotype: y w;
Dp110A P[gH]/Dp110B P[gH]. And p60–/– genotype: y w;
p60A/p60B; P[gR10].
larvae form small pupal cases but die without any indica-
tion of pupal development. These phenotypes demon-
strate that Dp110 and p60 are essential genes and are
consistent with Dp110 and p60 being required for normal
larval imaginal disc growth. These experiments do not
reveal, however, whether Dp110 and p60 are required in
the discs themselves or in other larval organs that influ-
ence disc growth.
Dp110 and p60 are autonomously required for adult cells
to achieve their normal size
To investigate whether Dp110 and p60 are required
within the imaginal discs themselves, we generated
mitotic clones of mutant cells in heterozygous Dp110 or
p60 flies by using the Flipase (Flp) and Flp recognition
target (FRT) site-specific recombination system [40].
Mutant phenotypes were examined in the adult eye, a
highly ordered structure made up of repeated units or
ommatidia, each of which contains the same pattern of dif-
ferentiated photoreceptors and accessory cells. We found
that both Dp110– and p60– eye clones form indented
patches containing ommatidia that are reduced in size
(Figures 2a,b). The internal eye structure was examined
using tangential sections in which Dp110– clones (–/–)
were distinguished from their corresponding sister clones
or twin-spots (+/+) and the surrounding heterozygous cells
(+/–) by an absence of red pigment granules (Figure 2c).
The p60– clones of cells contain a small amount of
pigment as a consequence of the presence of P[gR10],
which contains the white+ marker, but they can still be dis-
tinguished from their twin-spots and the surrounding het-
erozygous tissue (Figure 2d). 
Dp110– cells, and to a lesser extent p60– cells, are signifi-
cantly smaller in both cross-section (Figures 2c,d) and lon-
gitudinal-section (data not shown) than cells in the
surrounding heterozygous and wild-type tissue. Thus,
these experiments show that both Dp110 and p60 are
autonomously required for eye cells to achieve their
normal adult size. In addition, the mutant clones are con-
sistently smaller than their twin-spots, suggesting that cell
number as well as cell size might be reduced. Although
reduced in size, the mutant photoreceptors can still differ-
entiate and form rhabdomeres (which stain dark blue) by
expanding and re-organising their internal membranes.
Furthermore, almost every ommatidium contains the wild-
type number of photoreceptors, suggesting that Dp110 and
p60 are not essential for photoreceptor differentiation. The
characteristic trapezoid arrangement of photoreceptor
rhabdomeres within each ommatidium and the orientation
of the ommatidia relative to one another are generally wild
type in p60– clones, but are sometimes disrupted in
Dp110– clones. Together, these data clearly demonstrate
that in Drosophila the class IA PI 3-kinase, Dp110, and its
adaptor, p60, are required in a cell-autonomous manner for
the same process: the attainment of normal cell size. The
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Figure 2
Dp110– and p60– ommatidia and cells in the adult eye are reduced in
size. The FLP-FRT recombination system was used to generate
mitotic clones 60 h ± 12 h AEL and adult eye phenotypes were
examined. Scanning electron micrographs of (a) Dp110– and
(b) p60– ommatidia that were indented (*) and reduced in size
(arrows). Tangential sections demonstrate that (c) Dp110– and
(d) p60– clones (–/–) contain smaller cells and photoreceptor
rhabdomeres than their twin-spots (+/+) and the heterozygous tissue
(+/–). The p60– and Dp110– adult eye clones were marked by a
reduction in or absence of pigment (see Materials and methods
section). The scale bar represents 10 µm. Flies had the following
genotypes: (a) y w P[hs-FLP ry+]/+; P[gH ry+] FRT82B
Dp110A/FRT82B M(3)95A P[w+], (b,d) y w P[hs-FLP ry+]/+; p60B
FRT40A/P[w+ hs-pi-myc] FRT40A; P[gR10, w+]/+ and (c) y w P[hs-
FLP ry+]/+; P[gH ry+] FRT82B Dp110A/FRT82B P[w+].
(a) (b)
(c)
(d)
*
+/+
+/+
+/–
+/–
–/–
–/–
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similarity of the mutant phenotypes for the two genes is
consistent with the established role of the adaptor in the
activation of class IA PI 3-kinases and represents the first
direct comparison of the loss of function phenotypes of a
class IA PI 3-kinase and its adaptor.
Modulating the activity of Dp110 alters imaginal disc cell size
The data presented in the previous section demonstrate
that Dp110 and p60 are necessary for adult eye cells to
achieve their normal final size. A possible explanation for
this requirement is that Dp110 drives growth solely in the
final stages of eye development when the retinal cells
increase in size after proliferation has ceased. Alterna-
tively, Dp110 activity might be required for both prolifer-
ating and post-mitotic imaginal disc cells to achieve their
normal size. To distinguish between these two possibili-
ties, we investigated the effect of modulating Dp110 activ-
ity on the size of the proliferating cells of third instar wing
imaginal discs. Thus, Dp110 and p60 transgenes under the
control of GAL4 upstream activating sequences (UASs)
were expressed in clones of cells induced at random loca-
tions in wing imaginal discs. This was achieved by remov-
ing a CD2 ‘stuffer cassette’ flanked by two FRT sites and
inserted between the Actin 5C promotor and the GAL4
coding sequence using heat-shock inducible Flp [41]. Sig-
nalling through Dp110 was increased by overexpression of
wild-type Dp110 and reduced by overexpression of a cat-
alytically inactive and hence dominant-negative version of
Dp110 (Dp110D954A) [21]. Greater inhibition of Dp110 sig-
nalling was achieved by overexpression of wild-type p60 or
of p60 with part of the Dp110-binding site deleted (∆p60).
Like the mammalian class IA PI 3-kinase adaptors, p60 and
∆p60 inhibit class IA PI 3-kinase signalling when overex-
pressed, presumably by competing with endogenous
Dp110 and p60 complexes for binding sites on upstream
activators (D.W. and S.J.L., unpublished observations;
[42,43]). The effect of modulating Dp110 activity on cell
size was quantified by flow cytometric analysis of dissoci-
ated imaginal disc cells co-expressing the gene encoding
nuclear green fluorescent protein (GFP) together with the
Dp110 or p60 transgenes. The forward scatter (FSC) of
these cells (a measure of cell size) was compared with the
FSC of control non-GFP-expressing cells from the same
imaginal discs.
The results presented in Figure 3a demonstrate that
Dp110 expression dramatically increases imaginal disc cell
size. In this experiment, the mean FSC was 150% of that
of the control cell population. In contrast, the expression
of Dp110D954A slightly reduces cell size (the mean FSC
was 94% of control cells) whereas the expression of p60 or
∆p60 results in a more dramatic reduction in cell size (the
mean FSC was 82% and 75% of control cells, respec-
tively). Thus, modulating Dp110 activity alters the size of
proliferating cells in the third instar disc epithelium. To
investigate this effect more closely, we examined the size
of Dp110-expressing and ∆p60-expressing cells at different
stages of the cell cycle. This analysis demonstrated that
Dp110-expressing cells are larger than control cells during
both the G1 phase of the cell cycle and the S + G2
(Figure 3b). Conversely, ∆p60-expressing cells are reduced
in size both in G1 and S + G2 (Figure 3c). Thus, Dp110
regulates cell size throughout the imaginal disc cell cycle. 
Inhibiting the activity of Dp110 reduces cell number
The increased size of Dp110-expressing cells might result
either from an inhibition of cell division, or from accelerated
biosynthesis. To distinguish between these two possibili-
ties, the effect of Dp110 expression on cell number was
examined. Clones of cells expressing GFP alone or GFP
and Dp110 together were induced 72 hours after egg laying
(AEL), and cell number was assessed 44 hours later
(Figure 4a). As has been described [31], the number of cells
in simultaneously induced clones can vary considerably. If
large numbers of clones are analysed, however, the median
value can be taken as a reliable indicator of cell number and
can be used to establish cell doubling time (DT; Figure 4a)
and the rate of increase in cell number (1/DT; Figure 4b,
see Materials and methods section). Our analysis reveals
that Dp110 expression does not alter the rate of increase in
cell number. Thus, Dp110-expressing cells are larger
because of increased growth and not because of the inhibi-
tion of cell division. Furthermore, this result demonstrates
that, as far as can be detected with this technique, overex-
pression of Dp110 is not sufficient to increase cell number
(Figures 4a,b). In contrast, ∆p60, p60 and to a lesser extent
Dp110D954A expression does reduce the rate of increase in
cell number (Figures 4a,b). Thus, attenuating Dp110 activ-
ity reduces cell size by reducing growth as opposed to
increasing cell division. To further examine the effect that
reducing Dp110 activity has on cell number, the number of
cells in Dp110– clones was compared with the number of
cells in their associated twin- spots. In agreement with the
ability of ∆p60, p60 and Dp110D954A expression to reduce
cell number, clones of Dp110– cells contain fewer cells than
their twin-spots (Figure 4c). Taken together, these data
demonstrate that the activity of Dp110 is necessary for cells
to achieve their normal size and number. 
During our analysis by flow cytometry we noted that,
compared with the control cell populations, a greater pro-
portion of the Dp110-expressing cells were in the G2
phase of the cell cycle whereas a greater proportion of the
∆p60-expressing cells were in the G1 phase (Figures 3b,c).
These observations are consistent with an increase in
Dp110 activity increasing the rate of progression of cells
through the G1/S transition but not through the G2/M
transition of the cell cycle.
Overexpression of Dp110 alters compartment size
Previous experiments, which utilised GAL4 under the
control of the engrailed promotor (En–GAL4) to drive the
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expression of cell-cycle regulators in the posterior com-
partment of the wing imaginal disc, have shown that
activation or inhibition of cell division in one compart-
ment increases or reduces cell number without affecting
the size of that compartment. Rather, that compartment
contains more smaller cells or fewer bigger cells and
growth is unaffected [31,32]. These results suggest that
imaginal disc growth is not regulated through the cell
cycle but by an additional mechanism that is dominant
over the cell cycle. We have previously shown that over-
expression of Dp110 increases adult wing and eye size,
whereas overexpression of Dp110D954A reduces adult
wing and eye size [21]. Thus, imaginal disc growth
might be controlled by a mechanism that involves
Dp110 and p60. 
To test this hypothesis using experiments directly com-
parable to the cell-cycle experiments described above,
we examined the effect of En–GAL4-driven Dp110 or
Dp110D954A expression on the growth of the posterior
compartment of the wing imaginal disc. In these experi-
ments, posterior compartment size was visualised
120 hours AEL by co-expressing GFP with the Dp110
transgenes. The approximate area covered by the ante-
rior and posterior compartments of several discs for each
genotype was assessed, so that anterior compartment
size, posterior compartment size, total disc size and the
ratio of anterior compartment size to posterior compart-
ment size could be determined. Although these experi-
ments were performed using embryos collected from a
2 hour egg lay and reared at a constant density, imaginal
disc size did vary considerably by the time of dissection.
Despite this variation, we found that the size of the pos-
terior compartment was significantly increased by Dp110
expression and reduced by Dp110D954A expression
(Figures 5a,b). In contrast, the size of the anterior com-
partment for each genotype was not altered significantly.
In addition, when the ratio of anterior to posterior com-
partment size was calculated for each disc, we found that
Dp110 expression consistently reduces the ratio,
1024 Current Biology Vol 9 No 18
Figure 3
Dp110 and p60 modulate imaginal disc cell
size throughout the cell cycle. (a) Clones of
cells expressing GFP together with the
indicated Dp110 or p60 transgenes were
induced 72 h AEL. Wing imaginal discs were
then dissected and their cells dissociated and
analysed by flow cytometry 43 h later. The
forward scatter (FSC) profiles of control cells
(pink) versus GFP-expressing and transgene-
expressing cells (green) are shown. The effect
of (b) Dp110 and (c) ∆p60 expression on cell
size throughout the cell cycle was
investigated by comparing FSC profiles of G1
cells with an approximate DNA content of 2C
(X) or of S + G2 cells with an approximate
DNA content of 3–4C (Y). Larvae were the
following genotypes: y w hs-FLP/+;
Act > CD2 > GAL4 UAS-GFPnls/UAS-
Dp110, Dp110D954A, p60 or ∆p60. 
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whereas Dp110D954A expression consistently increases
the ratio (Figure 5b; right hand graph). Thus, unlike
direct manipulation of the cell cycle, manipulation of
activity of Dp110 is sufficient to alter relative compart-
ment size. Together, the experiments described demon-
strate that Dp110 modulates both cell size and cell
number, and that manipulation of Dp110 activity can
override the intrinsic control mechanisms that normally
regulate imaginal disc growth and maintain consistent
compartment and organ size. 
Discussion
A class IA PI 3-kinase and its adaptor provide the same
biological function
Class IA PI 3-kinases are consistently found in complex
with SH2-domain-containing adaptors, and numerous
studies have implied that these molecules depend upon
each other for their function [7]. Similarly, Dp110 and p60
associate with each other and can be co-purified in approxi-
mately stoichiometric amounts [21,22]. This study pro-
vides the first genetic evidence, through mutational
inactivation, that a class IA PI 3-kinase and its adaptor regu-
late the same biological process. Although the Dp110– and
p60– phenotypes are similar, removing Dp110 has a consis-
tently stronger effect on growth than removing p60
(Figures 1c,2c,d). It is possible that in p60– cells, Dp110 is
still able to provide a limited growth-promoting signal,
whereas in Dp110– cells, this would clearly not be the case.
Consistent with Dp110 providing some function in the
absence of p60, overexpression of Dp110 alone is sufficient
to promote growth. Given that the small GTPase Ras also
interacts with and activates class IA PI 3-kinases [8,9] and
modulates imaginal disc cell size (D. Prober and B. Edgar,
personal communication), it is possible that Ras activates
Dp110 in response to RTK activation independently of
p60. An alternative explanation for the relative severity of
the Dp110– phenotype is suggested by the inhibition of
growth by overexpressed p60. In Dp110– cells, free p60
might inhibit growth through pathways other than those
involving Dp110. We consider this explanation unlikely,
however, because Dp110– p60– larvae have similar pheno-
types to Dp110– larvae, and because the effects of overex-
pressing p60 can be rescued by coexpression of Dp110
(D.W. and S.J.L., unpublished observations). 
Cell size regulation by Dp110 and p60 
Previously, we have shown that Dp110 expression
increases and Dp110D954A expression reduces adult cell
size [21]. In this report, we demonstrate that endogenous
Dp110 and p60 are required for adult eye cells to achieve
their normal size, and that this requirement is cell
autonomous (Figure 2). In addition, we show that Dp110
does not solely affect post-mitotic growth during the later
stages of disc development. Modulating Dp110 signifi-
cantly affects the size of cycling cells from wing imaginal
discs, throughout the cell cycle (Figure 3). As well as
increasing cell size, Dp110 expression increases the pro-
portion of cells in the G2 phase of the cell cycle.
Together, these data are consistent with Dp110 
expression increasing biosynthesis and progression
through the G1/S transition, and the imaginal disc cells
being unable to respond to this increase in biosynthesis by
passing through the G2/M transition. Consistent with this
observation, the activation of the gene p110α class IA PI
3-kinase in rat embryo fibroblasts also promotes S phase
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Figure 4
Inhibition of Dp110 reduces cell number. (a,b) Clones of cells
expressing the gene encoding GFP together with the Dp110 or p60
transgenes indicated were induced 72 h AEL. Wing imaginal discs
were then dissected 43 h later, fixed and the approximate number of
cells per clone was determined. (a) Doubling time (DT) and (b) the
rate of increase in cell number (1/DT) were calculated as described
in the Materials and methods section. Larvae were of the same
genotypes as those in Figure 3. (c) Dp110– clones contain fewer
cells than their twin-spots. The FLP-FRT recombination system was
used to generate mitotic clones of Dp110– cells 72 h AEL. Wing
imaginal discs were dissected and analysed 43 h later. Clones
marked by an absence of lacZ were identified and distinguished from
their twin-spots (which contained 2 × lacZ), by staining with anti-lacZ,
and nuclei were stained with Hoechst 33342. Larvae had the
following genotypes: y w hs–FLP/+; P[gH ry+] FRT82B
Dp110A/FRT82B P[arm-lacZ w+] or y w hs-FLP/+;
FRT82B/FRT82B P[arm-lacZ w+].
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entry but not progression through the entire cell cycle
[44]. Thus far, mammalian class IA PI 3-kinases have not
been implicated in the regulation of cell size, possibly
because cell size is rarely monitored in tissue culture
experiments. Alternatively, cell size and cell division
might be more tightly linked in cultured mammalian cells,
so that increased biosynthesis results in increased cell
division rather than increased cell size. 
Cell number regulation by Dp110 and p60 
The analyses of cell number in Dp110– clones and in clones
of cells overexpressing Dp110D954A, p60 or ∆p60 demon-
strate that Dp110 and p60 are required for cells to achieve
their normal number. The effect on cell number in Dp110–
clones is less severe than the effect of p60 or ∆p60 expres-
sion. A probable explanation for this difference is that over-
expressed p60 or ∆p60 immediately inhibits signalling
through Dp110. In Dp110– clones, significant amounts of
Dp110 mRNA and protein, and hence signalling through
Dp110, might persist for several cell divisions. 
Although inhibiting Dp110 reduces the rate of increase in
cell number, ectopic expression of Dp110 does not
detectably enhance the rate of increase in cell number
within the time frame of the experiment shown (43 hours,
Figure 4). When Dp110 is expressed throughout wing
development, an approximately 7% increase in cell
number is observed in the adult wings [21]. Considering
the natural variation in cell number observed, this increase
would not have been detectable within the time frame of
the experiment described here. There are a number of
explanations for the failure of the Dp110 expression to sig-
nificantly increase imaginal disc cell number. Firstly, the
G2/M transition might be unable to respond to Dp110-
induced growth, as discussed above. In addition, several
experiments have shown that the relationship between
cell division and cell death in the developing wing imagi-
nal disc is complex and involves compensatory feedback
mechanisms. The induction of cell death can result in
compensatory proliferation, and the induction of overpro-
liferation is often accompanied by increased cell death
(see the Introduction and [31,39,45,46]). Clearly, further
experimentation will be required to establish the relation-
ships between Dp110 activity, growth, cell proliferation
and cell death in the developing imaginal disc. We have
observed that inhibiting apoptosis by co-expression of p35
partially inhibits the ability of p60 or ∆p60 to reduce cell
number (data not shown). Thus, inhibiting Dp110 might
reduce cell number both through effects on cell division
and cell survival.
Dp110 and p60 regulate compartment and disc size
Previously, we have shown that Dp110 expression
increases and Dp110D954A expression reduces adult eye
and wing size [21]. In contrast, increasing or reducing cell
division by manipulating the activity of direct regulators
of the cell cycle does not affect disc or compartment size
[31,32]. In a directly comparable experiment, we demon-
1026 Current Biology Vol 9 No 18
Figure 5
Modulating Dp110 activity alters compartment
size. (a) En–GAL4 was used to express
UAS–GFP alone (control) or to co-express
UAS–GFP with UAS–Dp110 (Dp110) or
UAS–Dp110D954A (Dp110D954A) in the
posterior compartment of the wing imaginal
disc. Discs from female larvae were dissected
120 h AEL and analysed by fluorescence and
light microscopy. The scale bar represents
100 µm. (b) The approximate areas covered
by the anterior compartment, the posterior
compartment and the anterior plus posterior
compartments were analysed using Adobe
Photoshop, and the ratio of anterior to
posterior compartment area for each disc was
determined. Control, n = 17; Dp110, n = 20;
Dp110D954A; n = 13. Larvae had the following
genotypes: En–GAL4 UAS–GFP/+,
En–GAL4 UAS–GFP/UAS–Dp110,
En–GAL4 UAS–GFP/UAS–Dp110D954A.
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strate that modulating Dp110 activity does influence 
posterior compartment size and the overall size of the
disc (Figure 5). Thus, unlike direct manipulation of the
cell cycle, manipulation of the activity of Dp110 over-
comes the intrinsic mechanism that normally maintains
consistent compartment and organ size. This mechanism
must have a number of properties. Firstly, it must be able
to stimulate organ growth, through changes in cell
number, cell size or both. Secondly, it must be able to
respond to changes in organ size. Thirdly, it must be able
to maintain the pattern of the disc. We suggest that
Dp110 and p60 form part of this intrinsic mechanism for
size control for the following reasons. Firstly, Dp110
activity can modulate organ growth through changes in
cell size and cell number. Secondly, it is conceivable that
production of a Dp110-activating ligand is regulated by
organ size. Thirdly, Dp110 and p60 might be involved in
integrating signals that coordinate growth and patterning.
One way in which imaginal disc growth and patterning
are thought to be coordinated is by the transforming
growth factor β (TGFβ) homologue, Dpp [47], and
synergy between TGFβ and class IA PI 3-kinase sig-
nalling has been observed [48,49]. Similarly, a family of
chitinases called imaginal disc growth factors cooperate
with insulin to stimulate imaginal disc cell proliferation
[50]. Thus, Dp110 and p60 might be involved in integrat-
ing signals to control imaginal disc growth. 
Conservation of class IA PI 3-kinase signalling and function
through evolution
Biochemical studies in mammalian cells and genetic
analyses in C. elegans have shown that class IA PI 3-kinases
are activated by insulin and insulin-like growth factor
(IGF) receptors and their substrates and signal through a
serine/threonine kinase cascade that includes PKB and
p70S6kinase [4,11,13–17]. Recent data from several labo-
ratories suggest that this signalling pathway is conserved
in Drosophila. Treatment of Drosophila S2 cells with
insulin or the expression of Dp110 activates Drosophila
PKB and p70S6kinase (J. Verdu and M. Birnbaum, per-
sonal communication). Furthermore, mutation of the
genes encoding Inr, an insulin receptor homologue, Chico,
an insulin receptor substrate homologue, Drosophila
p70S6kinase, and Drosophila PKB results in small flies
containing cells that are reduced in size and/or number
(H. Stocker and E. Hafen, personal communication;
[51–53]). Thus, it is probable that Inr and Chico activate
Dp110, which in turn transduces a growth-promoting
signal through p70S6kinase and PKB. 
Starvation during larval development also inhibits imagi-
nal disc growth and results in small flies with fewer,
smaller cells [27,54]. This response enables Drosophila to
survive through periods of low nutrition, because these
flies are still fertile. Starvation or mutation of genes in the
insulin/class IA PI 3-kinase signalling pathway also has an
analogous effect in C. elegans, inducing the formation of
dauer larvae. Dauer larvae re-enter the normal life cycle
under favourable conditions, which again enables the
organism to survive when food is scarce [19]. Furthermore,
in mammals, insulin signalling is used to store energy
when food is available and to utilise energy during periods
of starvation. Together, these observations suggest that
insulin/class IA PI 3-kinase signalling might have evolved
as a pathway that enables organisms to respond to changes
in nutrition and survive starvation.
The cellular functions of Dp110 and p60
An important question arising from this work is how does
signalling through Dp110 elicit changes at the cellular
level that promote growth? Insulin-stimulated mammalian
class IA PI 3-kinase activation regulates various processes
that influence growth, including glycogen synthesis,
glucose uptake and the translation of mRNAs with 5′
oligopyrimidine tracts. Furthermore, numerous reports
have shown that class IA PI 3-kinases can regulate cell
number through effects on cell proliferation and cell sur-
vival [7,10–12]. Various experiments suggest that manipu-
lating cell division, cell survival or protein synthesis in
isolation does not modulate disc size (see above and the
Introduction). In contrast, when cell division is induced
(by coexpression of cell cycle regulators, and apoptosis is
simultaneously inhibited (by co-expression of p35), imagi-
nal disc compartment size is increased [31]. This is accom-
panied by an extended larval period, which would allow
increased biosynthesis, including protein synthesis, to
occur. Thus, it is possible that class IA PI 3-kinase activity
can modulate organ size because it simultaneously influ-
ences cell division, cell survival and biosynthesis. 
Materials and methods
Molecular genetics
Dp110 genomic clones isolated from a KrSB10/SM1 genomic library in
EMBL4 [55] were sequenced to reveal that Dp110 is immediately distal
H at 92E12–13 and represents the transcript previously termed rea
(Figure 1a) [56]. To isolate Dp110 deletions, independent excision lines
were generated from the HD179 P element (additional lines were kindly
provided by D. Maier and A. Preiss) and analysed by Southern blotting
and PCR. Dp110A removes 9.3 kb from nucleotide 26 in the 5′ untrans-
lated region (UTR) of H [57] to nucleotide 2296 in the Dp110 cDNA
[21]. Conceptual translation reveals that, if expressed, Dp110A would
encode amino acids 1–668 of Dp110 plus an additional four amino
acids (RCAV, in single-letter amino acid code) before a stop codon is
encountered [21]. We were unable to detect expression of this trun-
cated protein (which would not contain the kinase domain), so it was
assumed that the protein is either unstable or not expressed (data not
shown). Dp110B removes all of H, Dp110 and the distal regions shown
in Figure 1a so was used only in heterozygotes with Dp110A.
Dp110A/Dp110A or Dp110A/Dp110B in combination with P[gH] were
lethal but a genomic construct containing Dp110 (P[gDp110]) rescued
that lethality completely (that is, with the expected proportion of rescued
progeny and without developmental delay). Thus, P[gH], Dp110A and
P[gH], Dp110A/P[gH], Dp110B are effective null mutants of Dp110.
The p60 gene is approximately 14 kb proximal of smo, close to the
distal breakpoint of Df(2L)al at 21B8–C1 (Figure 1b, [22,58]).
Sequence analysis of the region revealed three genes close to p60
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[22,23] (Berkeley Drosophila Genome Project, unpublished observa-
tions): PLC21C, dU2AF38 [59] and dSTI1, a gene with strong homology
to a stress inducible protein found in mouse, mSTI1, yeast, ySTI1, and
human, hSTI1 (data not shown; [60]). The P element P[l(2)06751] dis-
rupts dU2AF38, P[l(2)k00616] disrupts dST11, and P[l(2)k14504] dis-
rupts both dU2AF38 and dST11. P[319/11] is inserted in an intron of
PLC21C (data not shown; [59,61]). The p60A deletion is 18 kb in length
and was generated by mobilisation and duplication of P[319/11], fol-
lowed by deletion of the intervening region by cis-mediated excision. The
p60B deletion is 11–19 kb in length and was created by imprecise exci-
sion of P[l(2)06751] [59]. The p60A and p60B breakpoints were mapped
by Southern blotting and PCR. Both p60A and p60B complemented
Df(2L)al but not l(2)P07651, l(2)k14504 or l(2)k00616. The lethality of
l(2)P07651, l(2)k14504 or l(2)k00616 in trans with p60A or p60B was
rescued by the genomic construct, P[gR10] (kindly provided by J.
Hooper), which contains dU2AF38 and dSTI1, but not p60. The geno-
types p60A/p60A, p60B/p60B and p60A/p60B in combination with
P[gR10] were lethal, but a genomic construct containing only p60
(P[gp60]) rescued that lethality completely (that is, with the expected
proportion of rescued progeny and without developmental delay). Thus,
p60A/p60B, P[gR10] and p60B; P[gR10] are effective null mutants of
p60. Although we cannot rule out the disruption of PLC21C by p60A or
p60B, we think that is unlikely to have a significant effect on the pheno-
types reported. The complementation of p60A and p60B with Df(2L)al
and the viability of p60A and p60B in combination with P[gR10] plus
P[gp60] suggests that PLC21C is not an essential gene or that alterna-
tive transcripts of this gene can be produced without the 5′ region. 
Plasmid construction
P[gDp110] was constructed by subcloning the distal 1.7 kb
BamHI/EcoRI and adjacent 13 kb BamHI fragments indicated into
pCaSpeR4 (Figure 1a). P[gp60] was constructed by ligating the
BamHI/SacI fragment into pCaSpeR4. P[gH] has been previously
described and termed HBS [57]. P[gR10] is the 10 kb EcoRI fragment
indicated in Figure 1b cloned into pCaSpeR4 and was generated
during the positional cloning of the gene smo [58].
A cassette encoding p60 tagged at the amino terminus with the
haemagglutinin (HA) epitope was generated in the following way.
Firstly, a Vent DNA polymerase PCR product was amplified from pDW1
(pBluescript SK containing a 900 bp p60 cDNA fragment that includes
the 5′ UTR and the first 439 bp of p60 [22]) using a T7 primer and a
primer containing a NotI site, initiation codon, BamHI site and codons
2–6 of p60: TCCCCGCGGTGGCGGCCGCACCACCATGGGATC-
CCAACCCTCCCCGCTCC. The product was digested with NotI and
KspI and subcloned into the NotI/KspI-digested pDW1 to generate
pDW2. Next, pDW2 was linearised with BamHI and annealed oligonu-
cleotides encoding YPYDDVPDYA (an unintentionally modified version
of the HA epitope tag) flanked by cohesive BamHI ends were inserted
to generate pDW3 (sense oligonucleotide, GATCCTATCCATATGAT-
GACGTACCAGATTACGCTG, antisense oligonucleotide, GATCCA-
GCGTAATCTGGTACGTCATCATATGGATAG). An XbaI site was then
inserted into the XhoI site of the pDW3 polylinker with two annealed
oligonucleotides to generate pDW4 (sense oligonucleotide, TCGA-
CACCGCTCTAGAACG; antisense oligonucleotide, TCGACGTTCTA-
GAGCGGTG). A full-length p60 cDNA was then generated by
linearising pDW4 with EcoRI and XbaI and inserting an EcoRI/XbaI
fragment of the p60 cDNA containing the remainder of the coding
sequence and 102 base pairs of 3′ UTR, thereby creating pBlue-
script–HAp60, pDW5. A cassette encoding ∆p60 with amino acids
466–558 deleted was generated by removing an internal 276 bp PstI
fragment from pDW5 to generate pDW6. Then pUAST–HAp60 and
pUAST–HA∆p60 were generated by subcloning blunt-ended NotI/XbaI
fragments containing HAp60 and HA∆p60 into a modified version of
pUAST which had been cut with XhoI/XbaI and blunt ended. 
Microscopy and histology
Adult flies were prepared for scanning electron microscopy (SEM) by
fixing in 5% glutaraldehyde (4 h), performing a serial dehydration into
100% ethanol, and incubating in 100% amyl acetate (1 h). Critical point
drying, gold coating and SEM at 10 kV were performed according to
standard procedures using a JEOL 4500LV scanning electron micro-
scope. Adult eyes were fixed, embedded and sectioned as described
[62]. Transmitted light images were collected with a Leaf Microlumina
colour charge coupled device camera (ISS, Greater Manchester, UK
[63]). Dissected discs from wandering third instar larvae were fixed and
stained for immunofluorescence as described [21] and examined by con-
ventional fluorescent microscopy using a Photonic Science CV12 camera
or by confocal microscopy using a Zeiss laser scanning microscope 510. 
Flow cytometry and cell number analysis
Flow cytometry was carried out as previously described [31]. Cell dou-
bling times were calculated using the formula DT = logN/log2 (h) in
which N, median number of cells per clone and h, age of clone; the rate
of increase in cell number is 1/DT. 
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